This paper presents thermodynamic calculations of the stable hydrate assemblages in calcium sulfoaluminate cements containing different amounts of ye'elemite, calcium sulfate and belite. The ternary diagrams developed in this paper can be used directly to assess the long-term composition of such calcium sulfoaluminate cements containing belite. The phase diagram was validated using experimental data from literature. The ternary diagrams developed can be used to read out directly the stable hydrate assemblage of calcium sulfoaluminate cements containing belite based on their initial composition.
Introduction
Calcium sulfoaluminate (CSA) cements are receiving increasing interest worldwide as sustainable construction materials because they release less CO 2 during their manufacturing than Portland cement [1, 2] . The CSA clinker contains besides ye'elimite (C 4 A 3 S � ) 1 other phases such as belite, ferrite or calcium aluminates and is generally blended with calcium sulfate.
Several types of CSA cements are on the market. CSA cements with high ye'elimite contents (>50 mass-%) are mostly used in combination with Portland cement to manufacture fast-setting, rapid hardening and/or shrinkage compensated construction materials. CSA cements with less ye'elimite (in the order of 25-50 mass-%) contain significant amounts of belite (30-50 mass-%) and ferrite (5-20 mass-%) and are proposed to be a sustainable replacement material for Portland cement.
Plain blends of ye'elimite and calcium sulfate hydrate to ettringite and monosulfate in varying proportions depending on the ratio CS � /C 4 A 3 S � , while microcrystalline aluminium hydroxide is formed as by-product. When belite is present, strätlingite and/or C-S-H phases form as additional hydration products. At high belite contents, also portlandite may be present. Thus the composition of the hydrate assemblage of CSA is highly variable depending on the levels of belite and calcium sulfate present in the system. In order to assess the stable hydrate assemblages of CSA, thermodynamic equilibrium calculations of the simplified system C 4 A 3 S � -C 2 S-CS � -H 2 O were carried out, thus neglecting other phases present in CSA such as C 2 (A,F) or C 12 A 7 . The obtained data were transferred into a ternary diagram C 4 A 3 S � -C 2 S-CS � , to visualise the effect of the relative quantities of ye'elimite, calcium sulfate and belite on the resulting hydrate assemblage and volume of the solid phase. The modelled hydrate assemblages were compared to experimental data from literature to validate the calculations and to verify that near equilibrium conditions have been reached. Also metastable hydrate assemblages were discussed. The comparison was focused on CSA cements poor in C 2 (A,F) and C 12 A 7 , as their presence adds a further level of complexity.
Short overview on thermodynamic modelling
Thermodynamic equilibrium calculations, see recent review articles [3, 4] and references cited therein, predict the composition in a system composed of aqueous, solid and gaseous phases at the temperature and pressure of interest. Thermodynamic calculations are based on the relative stability of the different hydrates and aqueous species using sets of thermodynamic data compiled in thermodynamic databases as e.g. [5, 6] . Thermodynamic modelling of the composition of hydrated cements can be viewed as a mass balance calculation (based on the composition and amount of reacted anhydrous material) using thermodynamics as an intelligent tool to predict which hydrates are the most stable under the conditions investigated. In cement science thermodynamic calculations are a valuable method to understand hydration mechanisms and phase stabilities. They can help to understand on a chemical level the consequences of factors such as cement composition, hydration, leaching, or temperature on the composition and the properties of a hydrated cementitious system. The stable hydrate phases can be calculated for fully hydrated systems or based on the chemistry of the pore solution. Hydration kinetics can be implemented by restricting the dissolution of the anhydrous phases with time which allows following the changes of solid phases and pore solution chemistry during hydration. Thermodynamic calculations can also be coupled with transport models and codes describing the ingress of fluids, ions or gases into porous materials, and the spatial distribution of phase changes due to the ingress can be calculated and related to the durability of concrete [7] . As precipitation processes can be slow, thermodynamic equilibrium may not always be reached, thus it is important to compare the modelling results with experimental data, e.g. X-ray diffraction, thermogravimetry or pore solution composition. For thermodynamic calculations, a geochemical speciation software (such as GEMS or PhreeqC) is needed for the calculations and an as complete as possible compilation of thermodynamic data for all relevant solid, aqueous and gaseous species as described in more detail in [3, 4] . [10] using the state of the art database available at that time. They identified 9 different stable hydrate phases, which form 37 possible phases assemblages.
In the present paper the sub-system C 4 A 3 S � -C 2 S-CS � -H 2 O was re-calculated using GEMS-PSI software V. 3.3 [14, 15] coupled with the Nagra/PSI Chemical Thermodynamic Data Base [16] and the recent cement-specific CEMDATA14.01 database [5, 13, 17, 18] . The stable hydrate assemblages were calculated for a temperature of 20°C and a water to solid ratio of 1 in steps of 2 mass-% for the whole ternary diagram C 4 A 3 S � -C 2 S-CS � assuming complete hydration. In order to mimic the pH present in pore solutions of CSA cements, 0.1 g KOH / 100 g CSA were introduced into the system. Concerning AFm-phases, a solid solution between SO 4 -AFm (monosulfate) and hydroxy-AFm (C 4 AH 13 ) was considered [13] . Siliceous hydrogarnet forms only at long hydration times or at elevated temperatures especially in the presence of iron [19] and its formation was considered in the work of Damidot et al. [10] . In the present calculations its formation was suppressed in the equilibrium calculations due to its very slow formation kinetics. Gibbsite and kaolinite were suppressed as well due to the same reason.
Modelling results
The results of thermodynamic modelling were summarised in binary and ternary diagrams of ye'elemite, calcium sulfate and belite in order to visualise the main effects of the clinker composition on hydrate assemblage and volume. In a first step, the expected compositions in the binary systems ye'elimite-calcium sulfate and ye'elemite-belite are discussed while in a 2 nd step the ternary system is investigated. Finally the calculations are verified against available experimental data and the main general trends within the ternary systems are identified. Figure 1a shows the effect of calcium sulfate on the stable phase assemblages of ye'elimite mixtures. Pure ye'elimite hydrates according to Eq. (1) forming monosulfate and microcrystalline Al(OH) 3 . In the presence of calcium sulfate, ettringite is formed according to Eq. (2).
a) Subsystem C 4 A 3 S � -CS � -H 2 O
(1)
In the absence of calcium sulfate, also low amounts of ettringite are predicted to be stable. The reason for this is that "monosulfate" forms a solid solution with OH-AFm (C 4 AH 13 ) [20, 21] , such that a part of the sulfate ions is replaced by hydroxide. Thus some sulfate is available to form ettringite according to Eq. (2).
With increasing addition of calcium sulfate the quantity of monosulfate decreases and the amount of ettringite increases. Ettringite content reaches its maximum at a molar ratio of calcium sulfate to ye'elimite of 2 (31/69 by mass). Beyond, monosulfate is no longer present, but instead excess calcium sulfate occurs as gypsum.
b) Subsystem C 4 A 3 S -C 2 S-H 2 O
The stable hydrate assemblages of the subsystem C 4 A 3 S � -C 2 S-H 2 O are shown in Figure 1b . With increasing amounts of C 2 S, first strätlingite is formed under consumption of Al(OH) 3 , see Eq. (3):
C2S + C2ASH8 → CSH2 + C3AH6 (4) Figure 1 . Calculated phase diagram of the thermodynamic stable hydrate assemblages in cm 3 per 100 g of dry solid of a) the system ye'elimite -anhydrite -water, b) the system ye'elimite -belitewater, and c) the system ye'elimite -calcium sulfate -belite -water at a fixed molar ratio anhydrite / ye'elimite of 0.8 (anhydrite / ye'elimite = 15:85 by mass).
While monosulfate is a stable phase in the entire compositional range (with the exception of hydrated pure C 2 S), ettringite, which is occurring in very low amounts, is stable only at ye'elimite contents between 100 and 40 mass-% and is destabilised to monosulfate if sufficient calcium is available according to Eq. 5. Thus the hydrates in this binary system are determined to a large extent by the availability of calcium oxide. Figure 1c presents the phase assemblages for the ternary blend of the anhydrous phases at a fixed value of anhydrite/ye'elimite = 15/85 by mass (molar ratio 0.8, which is a typical ratio used in non-expansive, high strength CSA cements with high ye'elimite content [2] ). The changes in the phase assemblage are similar to the system without calcium sulfate (Figure 1b) , but much higher quantities of ettringite and less monosulfate are present. With increasing replacement of ye'elimite by belite, strätlingite forms and Al(OH) 3 is consumed as shown also in Figure 1b . Ettringite and strätlingite are no longer stable at replacement levels beyond 60% and 80%, respectively, while C-S-H and monosulfate are stabilized due to the availability of sufficient calcium oxide from belite according to Eq. (4) (5)). C-S-H contents decrease towards lower belite contents (Figure 2b ) and C-S-H is absent in the region with both low belite (< 30 mass-%) and low anhydrite (< 30 mass-%) contents. Under these conditions, the silica provided by the belite gets incorporated into strätlingite (Figure 3c) . Strätlingite is present only at low anhydrite contents, and does not occur at high belite contents.
c) Ternary system C 4 A 3 S � -C 2 S-CS � -H 2 O
The total volume of hydrates (Figure 2d ) is strongly related to the amount of ettringite in the hydrate assemblage, as ettringite is the phase incorporating the highest amount of water among the hydrates present in the system. From Figures 1 and 2 (and the additional graphs in the supplementary content) it is evident, that some phases may coexist in the stable hydrate assemblage and some phases do not coexist with each other. Thus the data was evaluated regarding such compatibilities and incompatibilities, and the results are presented in Table 1 . C-S-H is the only phase compatible with all the other phases. Ettringite does not occur together with katoite, and monosulfate is not stable in the presence of gypsum (or anhydrite) as this combination would react to ettringite. The other main hydrate phases of CSA cements, strätlingite and Al(OH) 3 both do not coexist with gypsum or portlandite. 
Comparison to experimental data
In order to validate the phase diagram (Figure 3) , the calculated phase assemblages are compared to data from literature.
The subsystem C 4 A 3 S � -CS � -H 2 O (see also Figure 1a ) is well investigated in literature e.g. by [24] [25] [26] [27] [28] . The data by Winnefeld and Barlag [24] , who investigated pure ye'elimite and ye'elimite blended with calcium sulfate at molar ratios of 0:1, 1:1, 1:2, 1:3 and 1:4 at a hydration time of 72 h, fit well to the predicted hydrate assemblages. Pure ye'elimite was found to hydrate mainly to monosulfate and AH 3 with traces of ettringite present as derived from X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The sample with a molar ratio of 1:1 yielded ettringite and monosulfate besides Al(OH) 3 , while the samples with 1:3 and 1:4 showed the presence of surplus gypsum and the absence of monosulfate. The sample with a molar ratio of 1:2 showed some traces of gypsum, as the reaction of ye'elimite was not complete after 72 h of hydration. In the ternary system C 4 A 3 S � -C 2 S-CS � -H 2 O several datasets are shown in Figure 3 , which were obtained either on pure phases [8, 9, 11] or on commercial CSA cements [29, 30] . The reaction degrees of the clinker phases and of the calcium sulfate added were considered as far as reported.
Smrckova et al. [11] studied the hydration of a blend of 30 mass-% ye'elimite, 50 mass-% belite and 20 mass-% anhydrite. They performed XRD only after 24 h of hydration, where hydration especially of the belite was quite incomplete. Thus they identified ettringite as only crystalline phase. Upon complete hydration, some monosulfate and strätlingite could be expected. Sahu et al. [9] investigated a system with much more anhydrite (20% ye'elimite, 45% belite and 35% anhydrite). They observed ettringite and some traces of gypsum, which agrees with the predicted phase assemblage. Besides, also C-S-H should be present. The phase assemblage investigated by Collepardi et al. [8] with 16 mass-% ye'elimite, 55 mass-% belite and 29 mass-% anhydrite is located in the ternary diagram close to the phase assemblages No. IV, V, VI, VIII and XII. Experimentally they found ettringite and a small quantity of monosulfate, while some unreacted calcium sulfate was still present. Their results thus fit to phase assemblage No. VIII (additional C-S-H present), however the presence of some additional strätlingite (phase assemblage VI), which might be difficult to detect, cannot be excluded.
The hydration of a ye'elimite-rich CSA cement without and with the addition of anhydrite was investigated by Martin et al. [29] using a water/cement ratio of 0.75. Both systems are located in the region of the phase assemblage No. I, considering a full hydration of ye'elimite and calcium sulfate, and reaction degrees of belite and bredigite of approximately 35% after 300 d of hydration. Ettringite, monosulfate, strätlingite and aluminium hydroxide are predicted as stable phases, which is in agreement with the experimental observations. In the sample without anhydrite added also traces of CAH 10 are present after 300 d. Such metastability issues will be discussed later.
Various CSA cements with higher belite contents were investigated by Bullerjahn et al. [30] hydrated for 48 h using a water/cement ratio of 0.70. Two examples are included in Figure 2 , taking into account their determined reaction degrees. Their clinker MM3 with 35.0 mass-% ye'elimite, 46.1 mass-% belite and 4.5 mass-% anhydrite was blended with 15 mass-% anhydrite. This system is located in the area of phase assemblage No. II. Experimentally the authors identified ettringite, strätlingite and a high content of amorphous phases by XRD and aluminium hydroxide by TGA, which agrees with the predicted hydrate assemblage. C-S-H, which should be present according to the thermodynamic calculations, was not identified due to its poorly crystalline nature. In clinker LH5 (22.0 mass-% ye'elimite, 63.2 mass-% belite, 6.5 mass-% anhydrite) blended with 15 mass-% anhydrite, ettringite together with aluminium hydroxide as part of the amorphous hydrates was identified in agreement to phase assemblage No. III. As expected from Figure 3 , strätlingite was not identified. C-S-H should be present as well, but could not be identified with the methods used.
Metastability issues
Thermodynamic modelling gives the stable hydrates, neglecting metastable phase assemblages. Therefore, the calculated hydrate assemblages should be crosschecked by experimental data as shown above in order to validate the modelling approach and to identify possible metastable phase assemblages. In the investigated system metastable CAH 10 is reported to occur especially in systems with a low ratio of anhydrite to ye'elimite [31, 32] , such as plain CSA clinker. Figure 4 shows as an example the development of the crystalline phases upon hydration of a CSA clinker (unpublished data from [29] ). CAH 10 forms mainly between 1 and 3 days of hydration, and starts to decompose beyond 28 days. Figure 4. X-ray diffraction patterns of the CSA clinker used in study [29] (unpublished data) depending on hydration time (w/c = 0.75).
CAH 10 may either form as an intermediate product upon hydration of calcium aluminates such as CA or CA 2 present in the CSA clinker or form directly from the hydration of ye'elimite together with ettringite and aluminium hydroxide according to:
Sensitivity calculations in GEMS revealed that the formation of monosulfate according to Eq. (1) is thermodynamically favoured over the formation of CAH 10 and ettringite according to Eq. (6). However, like in the case of calcium aluminate cements [33] , the occurrence of CAH 10 is linked to the solubility of microcrystalline AH 3 , which decreases with time due to an increase of its crystallinity. By increasing the solubility product of microcrystalline AH 3 already by 0.3 log units, reaction (6) occurs instead of reaction (1), which indicates only a low energetic difference between both reaction paths. Like in calcium aluminate cements, CAH 10 undergoes a conversion at later hydration times which is related to a volume decrease (volume reduction of 34 % between the solid phases in reaction (6) and reaction (1)).
Conclusions
The stable hydrate phases in the ternary system ye'elimitebelite -calcium sulfate, which are relevant for calcium sulfoaluminate cements, were calculated by thermodynamic modelling and visualised in ternary diagrams. As stable hydrate phases in the system C 4 A 3 S -C 2 S-C S -H 2 O ettringite, monosulfate, strätlingite, C-S-H, katoite, aluminium hydroxide, portlandite and gypsum occur depending on the anhydrous composition. Belite increases the availability of CaO which leads to the stabilisation of monosulfate and C-S-H instead of AH 3 , ettringite and strätlingite. As a metastable phase CAH 10 may be present especially at low anhydrite content and at early ages. From the modelled data, a phase diagram was derived which can be used to predict the stable phase assemblage of CSA cements. The phase diagram was validated using experimental data from several literature references.
The results presented here clearly show on the example of the calculated phase assemblages in the system C 4 A 3 S � -C 2 S-CS � -H 2 O the high potential of thermodynamic equilibrium calculations to explain the formation and the coexistence of different hydrates depending on the relative amount of ye'elimite, belite and calcium sulfate present. The ternary diagrams calculated and shown in this paper can also be used directly to assess the long-term composition of such calcium sulfoaluminate cements containing belite. The results of such calculations depend strongly on the quality and completeness of the thermodynamic data for the phases of interest. While reliable data are available for the main hydrates, the development of dedicated models such as models for aluminium uptake in C-S-H or an adequate description of the formation kinetics of siliceous hydrogarnet may somewhat modify the diagrams presented in this paper.
